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Abstract
© 2018 IOP Publishing Ltd. We report detailed optical experiments on the layered compound -
RuCl3 focusing on the THz and sub-gap optical response across the structural phase transition
from the monoclinic high-temperature to the rhombohedral low-temperature structure, where
the stacking sequence of the molecular layers is changed. This type of phase transition is
characteristic for a variety of tri-halides crystallizing in a layered honeycomb-type structure and
so far is unique, as the low-temperature phase exhibits the higher symmetry. One motivation is
to unravel the microscopic nature of THz and spin-orbital excitations via a study of temperature
and symmetry-induced changes. The optical studies are complemented by thermal expansion
experiments.  We document a number of  highly unusual  findings:  A characteristic  two-step
hysteresis  of  the  structural  phase  transition,  accompanied  by  a  dramatic  change  of  the
reflectivity.  A  complex  dielectric  loss  spectrum  in  the  THz  regime,  which  could  indicate
remnants of Kitaev physics. Orbital excitations, which cannot be explained based on recent
models, and an electronic excitation, which appears in a narrow temperature range just across
the structural phase transition. Despite significant symmetry changes across the monoclinic to
rhombohedral  phase  transition  and  a  change  of  the  stacking  sequence,  phonon
eigenfrequencies  and  the  majority  of  spin-orbital  excitations  are  not  strongly  influenced.
Obviously, the symmetry of a single molecular layer determines the eigenfrequencies of most of
these excitations. Only one mode at THz frequencies, which becomes suppressed in the high-
temperature monoclinic phase and one phonon mode experience changes in symmetry and
stacking. Finally, from this combined terahertz, far- and mid-infrared study we try to shed some
light on the so far unsolved low energy (<1 eV) electronic structure of the ruthenium 4d 5
electrons in -RuCl3.
http://dx.doi.org/10.1088/1361-648X/aae805
Keywords
dielectric and optical properties, FIR and MIR spectroscopy, Kitaev spin liquids, orbital
excitations, phonons, structural phase transition, THz, α-RuCl 3
References
[1] Stroganov E V and Ovchinnikov K V 1957 Vestnik. Leningr. Univ. Fiz. Khim. 12 152
[2] Fletcher J M, Gardner W E, Hooper E W, Hyde K R, Moore F H and Woodhead J L 1963 Nature 199 1089
[3] Fletcher J M, Gardner W E, Fox A C and Topping G 1967 J. Chem. Soc. A 1038
[4] Brodersen K, Moers F and Schnering H G 1965 Naturwissenschaften 52 205
[5] Brodersen K, Thiele G, Ohnsorge H, Recke I and Moers F 1968 J. Less Common Met. 15 347
[6] Cantow H-J, Hillebrecht H, Magonov S N, Rotter H W, Drechsler M and Thiele G 1990 Angew. Chem., Int. Ed. 29
537
[7] Morosin B and Narath A 1964 J. Chem. Phys. 40 1958
[8] McGuire M A, Dixit H, Cooper V R and Sales B C 2015 Chem. Mater. 27 612
[9] McGuire M A, Clark G, Santosh K C, Chance W M, Jellison G E Jr, Cooper V R, Xu X and Sales B C 2017
(arXiv:1706.01796)
[10] Kubota Y, Tanaka H, Ono T, Narumi Y and Kindo K 2015 Phys. Rev. B 91 094422
[11] Park S-Y et al 2016 (arXiv:1609.05690)
[12] Glamazda A, Lemmens P, Do S-H, Kwon Y S and Choi K-Y 2017 Phys. Rev. B 95 174429
[13] Reschke S, Mayr F, Wang Z, Do S-H, Choi K-Y and Loidl A 2017 Phys. Rev. B 96 165120
[14] Wang Z, Reschke S, Hüvonen D, Do S-H, Choi K-Y, Gensch M, Nagel U, Rõõm T and Loidl A 2017 Phys. Rev.
Lett. 119 227202
[15] He M, Wang X, Wang L, Hardy F, Wolf T, Adelmann P, Brückel T, Su Y and Meingast C 2017 (arXiv:1712.08511)
[16] Wasse J C and Salmon P S 1999 J. Phys.: Condens. Matter 11 2171
[17] Cao Y et al 2018 Nature 556 80
[18] Cao Y, Fatemi V, Fang S, Watanabe K, Taniguchi T, Kaxiras E and Jarillo-Herrero P 2018 Nature 556 43
[19] Yang H, Kim S W, Chhowalla M and Lee Y H 2017 Nat. Phys. 13 931
[20] Johnson R D et al 2015 Phys. Rev. B 92 235119
[21] Ziatdinov M et al 2016 Nat. Commun. 7 13774
[22] Cao H B, Banerjee A, Yan J-Q, Bridges C A, Lumsden M D, Mandrus D G, Tennant D A, Chakoumakos B C and
Nagler S E 2016 Phys. Rev. B 93 134423
[23] Supplementary material - ref-separator -
[24] Kitaev A 2006 Ann. Phys. 321 2
[25] Baskaran G, Mandal S and Shankar R 2007 Phys. Rev. Lett. 98 247201
[26] Knolle J, Kovrizhin D L, Chalker J T and Moessner R 2014 Phys. Rev. Lett. 112 207203
[27] Knolle J, Chern G, Kovrizhin D L, Moessner R and Perkins N B 2014 Phys. Rev. Lett. 113 187201
[28] Sandilands L J, Tian Y, Plumb K W, Kim Y-J and Burch K S 2015 Phys. Rev. Lett. 114 147201
[29] Nasu J, Knolle J, Kovrizhin D L, Motome Y and Moessner R 2016 Nat. Phys. 12 912
[30] Banerjee A et al 2016 Nat. Mater. 15 733
[31] Ran K et al 2017 Phys. Rev. Lett. 118 107203
[32] Do S-H et al 2017 Nat. Phys. 13 1079
[33] Banerjee A et al 2018 NPJ Quantum Mater. 3 8
[34] Winter S M, Riedl K, Maksimov P A, Chernyshev A L, Honecker A and Valent R 2017 Nat. Commun. 8 1152
[35] Kasahara Y et al 2018 Nature 559 227
[36] Kuzmenko A B 2005 Rev. Sci. Instrum. 76 083108
[37] Kuzmenko A B 2017 Reffit v. 1.3.03, University of Geneva (https://sites.google.com/site/reffitprogram/)
[38] Hasegawa Y, Aoyama T, Sasaki K, Ikemoto Y, Moriwaki T, Shirakura T, Saito R, Imai Y and Ohgushi K 2017 J.
Phys. Soc. Japan 86 123709
[39] Biesner T et al 2018 Phys. Rev. B 97 220401
[40] Guizzetti G, Reguzzoni E and Pollini I 1979 Phys. Lett. A 70 34
[41] Little A et al 2017 Phys. Rev. Lett. 119 227201
[42] Emeis C A, Reinders F J and Drent E 1975 Solid State Commun. 16 239
[43] Bermudez V M 1976 Solid State Commun. 19 693
[44] Borghesi A, Guizzetti G, Marabelli F, Nosenzo L and Reguzzoni E 1984 Solid State Commun. 52 463
[45] Wolter A U B et al 2017 Phys. Rev. B 96 041405
[46] Kanesaka I, Kawahara H, Yamazaki A and Kawai K 1986 J. Mol. Struct. 146 41
[47] Yadav R, Bogdanov N A, Katukuri V M, Nishimoto S, van den Brink J and Hozoi L 2016 Sci. Rep. 6 37925
[48] Sandilands L J, Sohn C H, Park H J, Kim S Y, Kim K W, Sears J A, Kim Y-J and Noh T W 2016 Phys. Rev. B 94
195156
[49] Sandilands L J, Tian Y, Reijnders A A, Kim H-S, Plumb K W, Kim Y-J, Kee H-Y and Burch K S 2016 Phys. Rev. B 93
075144
[50] Binotto L, Pollini I and Spinolo G 1971 Phys. Status Solidi b 44 245
[51] Sinn S et al 2016 Sci. Rep. 6 39544
[52] Geschwind S and Remeika J P 1962 J. Appl. Phys. 33 370
[53] Mittelstädt L, Schmidt M, Wang Zhe, Mayr F, Tsurkan V, Lunkenheimer P, Ish D, Balents L, Deisenhofer J and
Loidl A 2015 Phys. Rev. B 91 125112
[54] Laurita N J, Deisenhofer J, Pan L, Morris C M, Schmidt M, Johnsson M, Tsurkan V, Loidl A and Armitage N P 2015
Phys. Rev. Lett. 114 207201
[55] Reschke S, Wang Z, Mayr F, Ruff E, Lunkenheimer P, Tsurkan V and Loidl A 2017 Phys. Rev. B 96 144418
[56] Warren M T, Pokharel G, Christianson A D, Mandrus D and Valdés Aguilar R 2017 Phys. Rev. B 96 054432
[57] Bolens A, Katsura H, Ogata M and Miyashita S 2018 Phys. Rev. B 97 161108
[58] Aoyama T, Hasegawa Y, Kimura S, Kimura T and Ohgushi K 2017 Phys. Rev. B 95 245104
[59] Shi L Y, Liu Y Q, Lin T, Zhang M Y, Zhang S J, Wang L, Shi Y G, Dong T and Wang N L 2018 Phys. Rev. B 98
094414
[60] Wu L et al 2018 Phys. Rev. B 98 094425
[61] Banerjee A, Yan J, Knolle J, Bridges C A, Stone M B, Lumsden M D, Mandrus D G, Tennant D A, Moessner R and
Nagler S E 2017 Science 356 1055
[62] Agrestini S et al 2017 Phys. Rev. B 96 161107
[63] Wang W, Dong Z-Y, Yu S-L and Li J-X 2017 Phys. Rev. B 96 115103
[64] Gretarrson H et al 2013 Phys. Rev. Lett. 110 076402
